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Ezra Mishan’s (1967) famous articulation of the costs of economic growth included 
amongst others the rearrangement and loss of nature. This paper builds on this theme by 
recourse to two important concepts in science, namely the assimilative capacity of nature 
and the entropy of law of thermodynamics. These concepts enable the formulation of an 
alternative conceptual framework for the explanation of national income (Y) in terms of 
factor-utilization. In this framework, environmental capital (KN) is an explicit factor 
besides manufactured capital (KM) and labour (L). A simple methodology that permits the 
estimation of the volume of KN utilized is used towards demonstrating that economic 
growth is an entropic process. Empirical illustration of KN utilization as point-estimates is 
made for Australia and South Korea.  
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Ezra Mishan was ahead of his time. Mishan (1967) claimed that social returns to investment are 
overstated because amongst other reasons the environmental degradation that is inevitable due 
to such investment remained unrecognized in policy analysis. As Quah (2014) points out, Mishan’s 
claims preceded the rise of the environmental movement. This paper builds on the “Mishanian” 
theme that the non-recognition of nature in economic analyses overstates economic performance 
and thereby leads to the choice of policies that are less than desirable.  
 
The main premise in this paper – as in Environmental Economics – is that nature is capital without 
which an economy cannot exist. Hence the pertinent argument is that nature – hereafter 
environmental capita (KN) – should become an explicit explanatory argument in the explanation 
of national income (Y). Towards this end, the formulation of conceptual frameworks in economics 
must recognize concepts in science that describe KN and its degradation. Two of these concepts, 
as detailed in Thampapillai and Sinden (2013) and Thampapillai (2014), are: entropy in 
thermodynamics and assimilative capacity in ecosystems science. 
 
Environmental capital (KN) is absent from the list of explanatory factors for the determination of 
Y in economics. This absence is primarily due to the narrow view that only tangible factors such as 
Labour (L) and manufactured capital (KM) do matter. For example, consider the frameworks of 
factor-utilization in most widely used texts (Mankiw 2004, Taylor 2009). The exposition of these 
frameworks {Y = f(L, KM)} in these texts includes the display of diminishing marginal returns of Y 
with respect to the utilization of (KM, L) and the substitutability between KM and L. As indicated 
in Thampapillai (2014), the above texts fail to recognize the role of entropy stemming from KN 
utilization as the primary driver of such diminishing marginal returns. Further, the recognition of 
assimilative capacity that is inherent in KN leads to a limited domain of substitutability between 
factors. The relevance of entropy to economics is detailed elsewhere; Georgescu-Roegen (1971), 
Ruth (1993), Cleveland and Ruth (1997) and Gowdy and Messner (1998). The work of Schneider 
and Kay (1994) articulates a reformulated version of the entropy law with reference to ecological 




The object of this paper is two-fold. The first is to estimate the volume of KN that gets utilized in 
the process of economic growth. This estimation rests on the conceptual premises for including 
KN as an explanatory factor for the determination of Y. The second is to use these estimates to 
demonstrate that economic growth is an entropic process. The test is simple. One needs to 
compare the rate of utilization of KN with the rate of growth of Y. Entropy exists if a unit of growth 
of Y requires greater utilization of KN over time. Empirical illustrations are provided with reference 
to Australia and South Korea. This validates and provides an added dimension to Mishan’s 
observations regarding economic growth. The paper is structured as follows. The next section 
deals with the basis for the factor-utilization framework that stems from the recognition of KN and 
draws on Thampapillai (2014). This is then followed by the display of a simple methodology for 
measuring the utilization of KN and a test for the presence of entropy in economic growth. 
 
II. ASSMILATIVE CAPACITY AND ENTROPY IN UTILIZATION OF KN 
 
This section illustrates the distinction between {Y = f[KM, L]} and {Y = g[KM, L, KN]}. As illustrated 
in Thampapillai (2014) the following utilization function becomes useful in explaining the role of 
KN in determining the level of Y: 
{Y = g (KN, , )},        (1) 
 
In this function KM and L are fixed at some given level denoted by  and  and the 
determination of Y is based on changes in KN.  
 
Consider first the left hand panel of Figure-1. The salient features of the conceptualization are as 
follows. 
1. The changes in KN can be explained in terms of either accumulation or depletion. Consider 
now the function labelled {Y = g (KN, 1, 1)}. In this function KN has an upper limit, 
namely KN1. This upper limit is based on the scientific attributes of the ecosystem, 
specifically assimilative ability and assimilative capacity. The principles of assimilative 
ability and ecological resilience (Carpenter and Cottingham, 1997; Landis, 2008) would 






output level Y1 until KN is depleted to some threshold level KNT. When depletion exceeds 
this threshold Y begins to fall.  
 
2. The reverse argument can be made with reference to the accumulation of KN. However, 
the impacts of accumulation will have limited bearing in the context of comparative statics 
owing to the time involved for KN to accumulate.  
 
3. The depletion of KN when accompanied by the accumulation of higher levels of KM and L 
lead to the attainment of higher levels of output. For example, the left hand panel of 
Figure-1 displays a family of curves for the factor-utilization function (Y), where  and 
 remain fixed - but at different levels. In this illustration, ( 3, 3) < ( 4, 4), and 
accordingly Y4 > Y3. That is, as the level of ( , ) gets higher, the size of Y becomes 
larger.  
 
4. However, raising the intensity of KM and L inevitably involves the enhanced utilization of 
KN. Hence the maximum upper limit of KN recedes to the left. As a result, the zone of 
assimilative ability becomes smaller.  
 
The law of entropy can be illustrated with reference to the enhanced utilization of KN for achieving 
higher levels of Y. A simplified expression of this law as adapted by Georgescu-Roegen (1971) is 
that when matter is transformed from one state to another, entropy increases. Entropy by itself is 
the amount of energy or matter that is not available for work.  
 
Hence, the following two propositions are pertinent. 
-1: The utilization of KN and the associated reduction in its upper limit leads to the increase in 
entropy of the remaining stocks of KN.  
 
-2: The increase in entropy of the remaining stocks of KN warrants the utilization of higher 
quantities of KN for further increases in Y of similar magnitudes.  
 
KM




The work of Schneider and Kay (1994) provides support for the above two propositions. They 
develop a thermodynamic concept of energy gradient dissipation in the context of biological 
systems. They then empirically illustrate that complex mature ecosystems contain much lower 
entropy compared to systems that have been cleared. The corollary of this evidence is that KN 
utilization leaves behind an ecological system that has high entropy and hence of lower quality. As 
a result, successive increases in Y (such as the progression from Y2 to Y3 to Y4) warrant successively 
greater utilization of KN. 
 
The left hand panel of Figure-1 also illustrates the premise that the gradient of the factor-
utilization  increases as Y increases. This implies that when KN recedes below its 
threshold level, namely KNT, then the fall in Y could be much faster in the context of higher than 
lower levels of ( , ). Hence, this gradient is a convenient proxy for KN’s rate of degradation. 
The explanation proposed thus far enables the argument that at higher intensities of ( , ), 
KN becomes increasingly fragile. A variety of contexts regardless of whether it is a farm-firm or a 
factory floor with a production line or the overall economy, illustrate the feature of increasing 
fragility of KN. For example, the higher is the intensity of urbanization – the lesser is the intensity 
of the ecosystem supporting the urban area – and hence higher is the vulnerability of the 
supporting ecosystem. 
 
It is now possible to articulate the quantity of KN depleted with every increase of Y. For example 
in the left hand panel of Figure-1, the quantity of KN depleted when Y increases from Y3 to Y4 is 
{KN3 – KN4} 3. The premise advanced here is that the utilization 3 raises the entropy of 
remaining stock of KN, namely KN3. Hence, further increase in Y, such as (Y4 – Y3) in the context of 
(KN Stock = KN3), would result in amount of KN utilized 4 to exceed 3.  
 
Based on the information displayed on the left hand panel of Figure-1, two distinct factor 
utilization functions emerge on the right hand panel of this Figure. Both functions display 
diminishing marginal returns and the driver of such returns is the entropy of KN (based on 
successive greater quantities of KN utilization). {Y = f[KM, L]} is obtained when the quantity of KN 
utilized (depleted) is ignored. The factor utilization function that includes KN, namely {Y = g[KM, L, 
KN]} will be always below {Y = f[KM, L,]} implying that the non-recognition of KN overstates 





be {Y = g1[(KM+KN), L]}. This is illustrated in the next section by recourse to a standard Cobb-
Douglas function. 
 
III. ESTIMATION OF KN AND EVIDENCE OF ENTROPY 
 
This section deals with the extension of the concepts advanced thus far to illustrate KN utilization 
at the macroeconomic level. The availability of aggregate level data on L, KM and pertinent aspects 
of KN – especially its depreciation – is the basis for choosing the macroeconomic level for the 
illustration. Following earlier analyses (Thampapillai 2012), this illustration involves the display of 
discrete point-estimates of KN utilized for each year in a time series 1970-2009 for Australia and 
South Korea. The presence (or absence) of entropy at the aggregate level can be ascertained by 




















KN . That is, to 
examine whether progressive attempts to increase Y require progressively greater rates of 










Y , the evidence of entropy may be 





























KN       (2) 
 
The elicitation of the point-estimates of KN follows the assignment of specific functional forms for 
the aggregate level factor-utilization functions {Y=f(KM, L)} and {Y=g(KM, L, KN)}. Most 
macroeconomic texts describe the former in terms of a Cobb-Douglas (CD) function of constant 







        (3) 
 
t t represent the factor shares of national income (Yt) in time t accruing respectively 
t t,= 1). These factor shares of income are 
explicit in the income accounts where the following identity prevails:  















       (5) 
 
The function in (3) could be extended to the context of {Y=g(KM, L, KN)} by recourse to the 
principles of environmental accounting where  
 
{YS (Sustainable Income) = Y (National Income) – DKN (Depreciation of KN)} (6). 
 
Suppose that DKN KN
would be tantamount to stating the expression in (6). However, the expression in (3) needs 
modification to explain the role of KN. For this purpose, following the exposition in Section II 
above, assume the existence of composite capital K which includes both KM and KN; that is, 
K = KM + KN( ). Further, assume that the composite capital K  will receive the same factor 




tttt L)K(α)η(1Y        (7) 
 
The underlying premise in (6) is that the utilization of KN is synonymous with the depreciation of 
existing stocks of KN. Figure-2 displays the two functions: (3) and (7). This display is a variant of 
the right hand panel of Figure-1. As per the function labelled {Y=f(KM, L)}, income level Yt would 
be attributed to the role of KMt and, such attribution over-states the contribution of KMt. The 
exacerbation of factor contribution is assumed to be DKN.  
 
The role of KN in determining Yt can be then explained by the fact that the amount of K needed 
to explain Yt, namely tK  is greater than KMt. Hence for every point on the locus describing 
{Y=f(KM, L)}, there exists a corresponding quantity of K  which is in excess of KM. The locus of 
these points, namely the co-ordinates of ( K , Y) constitute the function described in (7). Further, 
with respect to the formulation offered in (7), should (KNt t → 0), and the definition 
of factor-utilization, would tend towards that offered in (3). The basis for identifying KN is also 
provided in Figure-2. Here, Yt is attributed to KMt in {Y=g(KM, L)}; and the same quantum of Yt is 
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also attributed to tK  in {Y=g(KM, L, KN)}. Because ( tK  = KMt + KNt), the quantity of KNt utilized in 
the formation of Yt would be ( tK  - KMt).  
 







































       (9) 
 
Tables 1 and 2 illustrate the estimates of KN for Australia and South Korea by recourse to the 
application of (9). This table also contains the pertinent information required for the estimation. In 
this illustration, DKN was confined to the cost of CO2 emissions. The data on emission loads was 
obtained from the World Development Indicators. The unit cost of abating CO2 was assumed to be 
$100 (US Dollars) following the Stern (2006) Report. This cost was then trended to display a time series 
of real unit cost values by recourse to the trend of Real Y at Factor Cost by keeping 2006 as the base 
year. Had other components of DKN such as bio-diversity loss, soil erosion, deforestation and water 
pollution been considered, then the size of KN would be considerably larger. Nevertheless the 




















KN  over the 30-year period 1970-2009 for Australia are respectively 0.03 and 0.05. That is, on 
average, a 3 percent increase in Australia’s rate of economic growth required a 5 per cent increase in 




















KN for Korea are 0.074 and 0.088 
implying that a 7.4 percent increase in Korea’s rate of economic growth required an 8.8 per cent 




These observations validate the premise that economic growth is accompanied an increase in entropy.  
 
IV. CONCLUDING REMARKS 
 
As illustrated above, the recognition of entropy and assimilative capacity enables the 
conceptualization of a specific type factor-utilization framework. The adoption of such a framework 
would have far reaching implications for policy analyses – especially with reference to the trade-offs 
between higher income targets and the vulnerability of supporting ecosystems. Attention would also 
be given to policy initiatives that focus on minimizing the extent of environmental capital depreciation. 
Examples of these include: the development of renewable and low green house emission technologies 
(Pehnt, 2006; Sims, Rogner, and Gregory, 2003) instead of further exploration for fossil fuels; and the 
promotion of innovative closed-loop production systems (Dornfield, 2013; Winkler, 2011) that reuse 
wastes and emissions. Further the estimates of KN utilization at the macroeconomic level indicate the 
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Figure-2: The Conceptual Basis for the Estimation of KN (Source: Thampapillai 2014) 
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Table - 1: Estimates of KN Utilization and Income in Australia 
 
Year DKN   KM Y   KNt 
       
1970 1.401E+10 1.731E+12 3.146E+11 4.454E-02 4.367E-01 1.904E+11 
1971 1.603E+10 1.777E+12 3.217E+11 4.983E-02 4.318E-01 2.233E+11 
1972 1.575E+10 1.818E+12 3.358E+11 4.691E-02 4.361E-01 2.117E+11 
1973 1.820E+10 1.872E+12 3.526E+11 5.161E-02 4.251E-01 2.486E+11 
1974 2.416E+10 1.915E+12 3.707E+11 6.518E-02 3.728E-01 3.796E+11 
1975 2.490E+10 1.956E+12 3.691E+11 6.747E-02 3.763E-01 3.989E+11 
1976 2.692E+10 1.998E+12 3.706E+11 7.263E-02 3.870E-01 4.299E+11 
1977 3.050E+10 2.035E+12 3.732E+11 8.174E-02 3.842E-01 5.057E+11 
1978 2.947E+10 2.084E+12 3.904E+11 7.549E-02 4.128E-01 4.365E+11 
1979 4.352E+10 2.131E+12 3.997E+11 1.089E-01 4.232E-01 6.672E+11 
1980 4.812E+10 2.187E+12 4.142E+11 1.162E-01 4.134E-01 7.615E+11 
1981 4.503E+10 2.255E+12 4.323E+11 1.042E-01 4.013E-01 7.111E+11 
1982 4.127E+10 2.293E+12 4.117E+11 1.002E-01 3.865E-01 7.207E+11 
1983 3.835E+10 2.341E+12 4.333E+11 8.849E-02 4.240E-01 5.718E+11 
1984 4.172E+10 2.399E+12 4.468E+11 9.339E-02 4.240E-01 6.243E+11 
1985 5.066E+10 2.464E+12 4.647E+11 1.090E-01 4.268E-01 7.652E+11 
1986 3.614E+10 2.525E+12 4.824E+11 7.492E-02 4.333E-01 4.971E+11 
1987 3.977E+10 2.595E+12 5.083E+11 7.824E-02 4.493E-01 5.159E+11 
1988 3.794E+10 2.681E+12 5.304E+11 7.154E-02 4.569E-01 4.729E+11 
1989 3.041E+10 2.763E+12 5.404E+11 5.628E-02 4.457E-01 3.835E+11 
1990 3.858E+10 2.810E+12 5.222E+11 7.388E-02 4.368E-01 5.398E+11 
1991 3.379E+10 2.845E+12 5.239E+11 6.450E-02 4.388E-01 4.669E+11 
1992 3.322E+10 2.893E+12 5.553E+11 5.982E-02 4.492E-01 4.259E+11 
1993 3.560E+10 2.946E+12 5.667E+11 6.282E-02 4.526E-01 4.542E+11 
1994 3.533E+10 3.019E+12 5.959E+11 5.930E-02 4.478E-01 4.415E+11 
1995 3.437E+10 3.084E+12 6.168E+11 5.573E-02 4.411E-01 4.281E+11 
1996 3.771E+10 3.154E+12 6.403E+11 5.889E-02 4.320E-01 4.758E+11 
1997 3.559E+10 3.237E+12 6.694E+11 5.317E-02 4.396E-01 4.283E+11 
1998 3.816E+10 3.331E+12 6.950E+11 5.491E-02 4.334E-01 4.636E+11 
1999 3.941E+10 3.436E+12 7.407E+11 5.320E-02 4.391E-01 4.555E+11 
2000 5.749E+10 3.517E+12 7.479E+11 7.687E-02 4.372E-01 7.061E+11 
2001 6.139E+10 3.609E+12 7.759E+11 7.912E-02 4.502E-01 7.252E+11 
2002 6.251E+10 3.719E+12 7.909E+11 7.903E-02 4.493E-01 7.479E+11 
2003 6.493E+10 3.848E+12 8.332E+11 7.793E-02 4.545E-01 7.521E+11 
2004 7.095E+10 3.982E+12 8.590E+11 8.259E-02 4.530E-01 8.346E+11 
2005 8.481E+10 4.128E+12 8.941E+11 9.485E-02 4.552E-01 1.011E+12 
2006 9.666E+10 4.284E+12 9.308E+11 1.039E-01 4.539E-01 1.171E+12 
2007 1.086E+11 4.461E+12 9.716E+11 1.118E-01 4.567E-01 1.322E+12 
2008 1.451E+11 4.619E+12 9.696E+11 1.496E-01 4.599E-01 1.952E+12 




Table - 2: Estimates of KN Utilization and Income in South Korea 
 
Year DKN KM Y   KNt 
       
1970 5.51E+12 1.502E+14 1.50E+14 0.0983 0.6289 2.685E+13 
1971 5.98E+12 1.632E+14 1.63E+14 0.0961 0.6318 2.831E+13 
1972 6.17E+12 1.734E+14 1.73E+14 0.0922 0.6417 2.820E+13 
1973 7.47E+12 1.889E+14 1.89E+14 0.0973 0.6388 3.284E+13 
1974 7.72E+12 2.119E+14 2.12E+14 0.0930 0.6541 3.413E+13 
1975 8.35E+12 2.329E+14 2.33E+14 0.0946 0.6467 3.869E+13 
1976 9.53E+12 2.549E+14 2.55E+14 0.0963 0.6332 4.423E+13 
1977 1.08E+13 2.833E+14 2.83E+14 0.0978 0.6139 5.172E+13 
1978 1.16E+13 3.191E+14 3.19E+14 0.0949 0.5909 5.864E+13 
1979 1.36E+13 3.633E+14 3.63E+14 0.1031 0.5735 7.587E+13 
1980 1.38E+13 3.991E+14 3.99E+14 0.1071 0.5575 8.993E+13 
1981 1.42E+13 4.332E+14 4.33E+14 0.1033 0.5652 9.214E+13 
1982 1.45E+13 4.695E+14 4.70E+14 0.0970 0.5583 9.412E+13 
1983 1.54E+13 5.129E+14 5.13E+14 0.0924 0.5432 1.002E+14 
1984 1.67E+13 5.603E+14 5.60E+14 0.0905 0.5469 1.061E+14 
1985 1.82E+13 6.111E+14 6.11E+14 0.0911 0.5537 1.150E+14 
1986 1.86E+13 6.670E+14 6.67E+14 0.0828 0.5580 1.117E+14 
1987 1.96E+13 7.320E+14 7.32E+14 0.0776 0.5499 1.159E+14 
1988 2.26E+13 8.106E+14 8.11E+14 0.0799 0.5358 1.363E+14 
1989 2.4E+13 9.030E+14 9.03E+14 0.0792 0.5124 1.578E+14 
1990 2.5E+13 1.013E+15 1.01E+15 0.0758 0.5007 1.729E+14 
1991 2.75E+13 1.142E+15 1.14E+15 0.0757 0.4883 1.996E+14 
1992 2.93E+13 1.263E+15 1.26E+15 0.0765 0.4893 2.229E+14 
1993 3.25E+13 1.384E+15 1.38E+15 0.0794 0.4889 2.553E+14 
1994 3.49E+13 1.520E+15 1.52E+15 0.0788 0.4862 2.795E+14 
1995 3.8E+13 1.669E+15 1.67E+15 0.0789 0.4777 3.132E+14 
1996 4.11E+13 1.832E+15 1.83E+15 0.0800 0.4639 3.609E+14 
1997 4.33E+13 1.988E+15 1.99E+15 0.0801 0.4806 3.772E+14 
1998 3.73E+13 2.066E+15 2.07E+15 0.0720 0.5062 3.284E+14 
1999 4.05E+13 2.181E+15 2.18E+15 0.0715 0.5153 3.376E+14 
2000 4.43E+13 2.321E+15 2.32E+15 0.0722 0.5140 3.642E+14 
2001 4.51E+13 2.454E+15 2.45E+15 0.0709 0.5044 3.852E+14 
2002 4.77E+13 2.598E+15 2.60E+15 0.0702 0.5056 4.022E+14 
2003 4.77E+13 2.750E+15 2.75E+15 0.0680 0.4956 4.201E+14 
2004 4.94E+13 2.907E+15 2.91E+15 0.0668 0.4974 4.335E+14 
2005 4.74E+13 3.067E+15 3.07E+15 0.0617 0.4841 4.312E+14 
2006 4.82E+13 3.234E+15 3.23E+15 0.0598 0.4782 4.454E+14 
2007 5.1E+13 3.408E+15 3.41E+15 0.0603 0.4794 4.721E+14 
2008 5.21E+13 3.600E+15 3.60E+15 0.0604 0.4759 5.032E+14 
2009 5.46E+13 3.738E+15 3.74E+15 0.0626 0.4783 5.411E+14 
 
